This study intended to develop a robust and sensitive method for simultaneous determination of polycyclic musks (HHCB and AHTN) and nitro musks (musk xylene (MX) and musk ketone (MK)) in water samples using optimized solid-phase extraction (SPE) by gas chromatography and mass spectrometry (GC-MS). The SPE procedure was optimized in terms of selections of SPE cartridge, sample pH, elution process, etc. The method detection limits (MDLs) were from 0.09 to 0.18 ng L -1 for the analytes. The recoveries ranged from 88.3 to 104.1% in spiked deionized water and from 86.4 to 106.8% in groundwater samples, respectively. The proposed approach was also validated by detecting real samples. The results revealed that HHCB and AHTN were ubiquitous in the local aquatic matrices. Furthermore, nitro musks were found in some aquatic matrices, which is consistent with the fact that nitro musks are still being produced and applied in China.
Introduction
studies. 17, 18 Two polycyclic musks, galaxolide (1,3,4,6,7,8-hexahydroSynthetic musks (SMs) are ingredients commonly used in 4, 6, 6, 7, 8, 8 -hexamethylcyclopenta-(g)-2-benzopyran, HHCB) personal-care products (PCPs); such musks are generated from and tonalide (7-acetyl-1,1,3,4,4,6-hexamethyl-1,2,3,4 usage by individuals of soaps, shampoo, toothpaste, cosmetics tetrahydronaphthalene, AHTN) as well as two nitro musks, and other daily products. Together with various pharmaceuticals musk xylene (1-tert-butyl-3,5-dimethyl-2,4,6-trinitrobenzene, and other commodities, they constitute a class of pharmaceuticals MX) and musk ketone (1-tert-butyl-3,5-dimethyl-2,6-dinitro-4 and personal-care products (PPCPs) that have been regarded as acetylbenzene, MK) are the most used SMs. In 1981, nitro emerging pollutants since 1999. 1 musks, such as musk xylene (MX) and musk ketone (MK), were SMs are a group of chemicals which are not readily detected for the first time in the environment in Japan. 19 Due to biodegradable and are capable of being bioaccumulated on the potential carcinogenicity of nitro musks, most developed account of the high logarithm of their octanol-water partition countries have banned or restricted their use in personal care coefficient (log Kow). 2, 3 Due to the high cost and uncertainty products. 20, 21 As substitutes of nitro musks, the polycyclic supply of the natural musks, SMs have been introduced as musks were improved and the use of these compounds has substitutes, since they feature gentle fragrances and other increased in the last decade. 22 However, today China and India properties similar to those of natural substances. 2 Over the past are the major producers of nitro musks in the world. 21 Thus, years, SMs have become an increasingly important environmental both nitro musks and polycyclic musks could occur in the issue owing to the growing consumption, for they are continually regional environmental matrices. As to the developed countries, introduced into aquatic environments mainly via washing, there is also a need to monitor changes of SMs profiles after the bathing, irrigation and other activities. 4, 5 nitro musks have been restricted. In this sense, reliable analytical Because of their highly lipophilic nature, SMs can be methods to simultaneously extract and determine polycyclic bioaccumulated in biota, such as mussels, 6 crustaceans, 7 fish 8-10 musks and nitro musks are critically needed to investigate the and even some mammals 11, 12 from the freshwater and marine occurrence, concentration and fate of these chemicals. environments. In addition, a series of data have proved the As low concentrations of SMs are presented in aquatic inhibition effects of SMs on the larval development in the matrices, sample preconcentration is a critical step for both gas marine copepod. 13, 14 It was also reported that these trace or liquid chromatography and mass spectrometry. Previously, pollutions have been detected in the human breast milk and simultaneous extraction of polycyclic musks and nitro musks adipose tissues. 15, 16 Comprehensive ecological effects of SMs from aquatic matrices was usually achieved by a liquid-liquid extraction (LLE) method, which had to consume much volume † To whom correspondence should be addressed.
of solvent. [23] [24] [25] Some researchers attempted to preconcentrate E-mail: taoyuan@sjtu.edu.cn SMs from water samples by XAD-2 resin 4 and the C18 disk 26 or C18 Speed disk. 27 Recently, Pole et al. 28 developed a solid-phase microextraction method for nitro musks. However, there are few studies using solid phase extraction (SPE) cartridges for the simultaneous extraction and clean-up of polycyclic musks and nitro musks in aquatic matrices. Although Osemwengie et al. 29 described an on-site SPE procedure for the SMs, the wide application of this method is impractical as it required filters, pumps and ancillary supplies to handle 60-liter volume for each sample. To our knowledge, there is no report on the simultaneous extraction of polycyclic musks and nitro musks from aquatic matrices in the sample volume of one liter or less using SPE cartridges. In view of above the situation, the objective of this study is to develop a simple, rapid and reliable SPE procedure, followed by gas chromatography-mass spectrometry (GC/MS), for the simultaneous determination of polycyclic musks and nitro musks in water samples. The SPE procedure was optimized in terms of selection of SPE cartridge, sample pH, elution process, etc. The data analysis for the method, its accuracy and precision, as well as method detection limit (MDL) were each described. Finally, the developed method was validated for various types of water samples such as surface water, groundwater and wastewater.
Experimental

Chemicals and materials
The basic information about the two polycyclic musks (HHCB, AHTN) and the two nitro musks (MX, MK) is listed in Table 1 . The standard chemicals were purchased from Dr. Ehrenstorfer (in cyclohexane, 10 µg mL -1 ).
The surrogate standard, fluoranthene-d10, was purchased from Supelco, and the internal standard (pentachloronitrobenzene) was purchased from Sigma. The organic solvents such as hexane and dichloromethane (DCM) were of pesticide grade, purchased from TEDIA (Dahu, China). SPE cartridges (ENVI-18 and LC-18, 6 g size for both) were provided by Supelco.
Sampling
The samples were collected in precleaned 1 L brown glass bottles (soaked in detergent, then rinsed successively in tap and deionized water before sampling). The water samples included tap water, groundwater, and surface water as well as wastewater. The tap water was directly collected from a local family faucet. The groundwater was collected from a family well located in the Nanhui district of Shanghai. The surface water was from a campus lake in Shanghai Jiao Tong University. The wastewater samples, consisting of influent and final effluent, were taken from a local wastewater treatment plant (WWTP). Most of the domestic and industrial wastewater, rainwater, and runoff from this area were mixed and sent via drainage channels directly to thisWWTP,whichadoptsthetechnologyofanaerobic-anoxic-oxic (A 2 O) to process 50000 m 3 of wastewater per day. Finally, the treated water was discharged to the Huangpu River. Therefore, the effluent samples could help to understand the condition of a typical SMs point emission source for the Huangpu River. All the water samples were extracted within 24 h after collection.
Sample pretreatment and extraction optimization
Due to heavy loads of solid particles occurring in some samples (e.g., wastewater samples), filtration was conducted before extraction using 0.22 µm glass fiber filters, to guarantee that the SPE procedure could be completed successfully. All filtered water samples were spiked with surrogate standard (fluoranthene-d10) with a proper concentration according to the residual SMs level in aquatic matrix.
Generally, prior to the extraction, SPE cartridges were preconditioned with 10 mL of methanol and 10 mL of deionized water (DI water). The samples were then passed through a cartridge at a flow rate of approximately 5 -10 mL min -1 using a 12-port Visiprep ™ SPE Vacuum Manifold device (Supelco). On completion of the extraction, each cartridge was extracted with hexane and DCM. All the fractions were collected and concentrated to 1 mL under a gentle stream of nitrogen, after which 10 µL of 200 µg mL -1 pentachloronitrobenzene, the internal standard, was added. Then the extract sample was stored at 4˚C until analysis by GC/MS.
As mentioned above, to achieve better performance, some critical factors in the SPE procedure were tested. In this study, two spike concentrations of analytes, i.e. 20 ng L -1 and 1 µg L -1 , were applied. The selection of these concentrations was based on the environmentally relevant levels of SMs reported elsewhere. 24, 26, 30 Mixed SMs standards and surrogate standard were spiked into 1 L of DI water to evaluate the recoveries. Due to the lipophilic and hydrophobic characteristics for SMs, two types of the reverse phase SPE cartridges, ENVI-18 and LC-18 (Supelco), were selected to extract the analytes. The sample pH was adjusted to acidic (pH 5), neutral (pH 7) and alkaline (pH 9) using acetic acid and sodium acetate, respectively. To further investigate the influence of elution process, we applied hexane and mixtures of hexane and DCM (v/v, 1:1) as the solvents to elute the analytes. After 1 L of spiked water sample (at concentration of 1 µg L -1 for target analytes) had passed through the SPE cartridge, the elution process was conducted according to the following steps: elution with 2 mL of hexane (Step 1), subsequently with 3 mL of hexane (Step 2), subsequently with 2 mL of mixture eluant (Step 3), subsequently with 3 mL of mixture eluant (Step 4). The extract collected in each batch was reconstituted to 1 mL of hexane before analysis by GC/MS.
The performances under different SPE conditions were evaluated based on the recoveries of the SMs. In each condition, samples were tested in triplicate. The recovery was calculated from the ratio of the measured and spiked concentrations. In the later study, the method validation and the real sample determination were based on the optimized procedure unless otherwise stated. The reported data of real samples in this study were not corrected by recovery values.
Gas chromatography-mass spectrometry determination GC/MS analysis was performed in a Shimadzu GCMS-QP 2010. Musk compounds were separated on a RTx-5 MS column (30 m × 0.25 mm i.d., × 0.25 µm). The GC oven temperature program was: 90˚C hold 2 min, rate 10˚C min -1 to 170˚C, rate 5˚C min -1 to final temperature of 270˚C. Pure helium was used as carrier gas at a linear velocity of 37 cm s -1 measured at 90˚C. One microliter of sample was injected in the splitless mode and the injection port temperature was kept at 250˚C. Transfer line temperature was maintained at 220˚C. The ion-trap mass spectrometer was operated in the electron ionization mode (70 eV) and at 3.94 scans s -1 . The quadrupole temperature and the ion source temperature were set at 150 and 200˚C, respectively.
Identification of target analytes was performed in full-scan mode by comparisons with mass spectra in the database of the National Institute of Standards and Technology (NIST) library and by referring to GC retention times of the standards. Figure 1 shows the separations of SMs, internal standard and surrogate standard in full-scan mode with the GC/MS analytical program. Selected ion monitoring (SIM) mode, which can provide maximum sensitivity, was applied for quantification. The retention time and characteristic ions for all analytes are summarized in Table 2 .
Quality control and assurance
SMs are widely present in soaps, shampoo, toothpaste, cosmetics and other commodities. Therefore, there are a number of potential sources of contamination. To avoid contamination of SMs through glassware handling, we used powderless hand gloves during pretreatment and extractions. To check the whole determination system, it was necessary to process method blank samples with 1 L of DI water for every 6 measurements. In addition, each sample was repeated at least in triplicate unless otherwise stated.
In this study, the internal standard method was used for SMs quantification by GC/MS analysis, as the internal standard could provide a correction for the losses during sample injection. The calibration curve of the SMs was achieved from measuring a series of standard mixture solutions, which were prepared at concentrations of 0.001, 0.01, 0.1, 1, 2, 2.5, and 5 µg mL -1 of SMs in hexane. Two micrograms of pentachloronitrobenzene, as an internal standard, was added to each 1 mL of standard mixture. The calibration curves were constructed by plotting the peak intensity (y) versus the concentration ratios of the analytes to the internal standard (x). The calibration curves obtained were not forced through zero, but were all linear over the range of SMs concentrations utilized (R 2 > 0.99). Nevertheless, the calibration curves for SMs were updated if the measurement of standards could not meet the requirement. The method detection limit (MDL) values were calculated as three times the standard deviation of seven replicate runs of 1 L DI water spiked with each analyte at about the lowest concentration of the calibration curve. 31 The spiked sample was pumped through the SPE process as described above.
Results and Discussion
Blank control and standard calibration curve
In this study, no detectable concentration of SMs was found in any blank samples. Under the selected GC/MS conditions, the internal standard calibration curves of the SMs were measured. Satisfying correlations were obtained between area ratios and concentration ratios of analytes versus internal standard over a range from 0.0005 to 2.5 by the linear regression, as confirmed by the determination coefficients (R 2 values were in the range of 0.9949 -0.9992 for all analytes).
Limit of detection (LOD) and limit of quantification (LOQ)
LOD and LOQ were commonly used to evaluate the sensitivity of GC/MS for selected analytes. 32 Each LOD was calculated as three times signal to noise ratio (S/N) and each LOQ was ten times S/N. 33 They were determined by injection of the SMs standard solution with a serial concentrations (1 -15 pg mL -1 ). The LOD and LOQ values for all target SMs are listed in Table 3 . The sensitivity of the method is agreeable as all the LOD and LOQ were below 2.5 and 12.5 pg mL -1 , respectively (Table 3) . 
Method optimization Selection of SPE cartridges.
The type of the SPE cartridges is an important factor that affects the extraction efficiency. Although both ENVI-18 and LC-18 are reverse phase sorbents, their performances were dramatically different. Table 4 shows that the recoveries obtained from ENVI-18 were much more acceptable than those from LC-18 in both spiked concentrations. The higher recoveries of ENVI-18 were possibly because of the high-carbon content of ENVI-18, which resulted in the strong sorption ability of ENVI-18 for the analytes. In addition, antacids and anti-alkaline properties of ENVI-18 were helpful to concentrate analytes in different conditions. Thus, in the later experiments, ENVI-18 was selected as SPE cartridge. Influence of pH. The results of different pH are shown in Fig. 2 . As to all analytes, the best performances were achieved at neutral condition (i.e. pH was adjusted at 7). Although the effects of pH were insignificant for MK and fluoranthene-d10, the recoveries of other musk compounds were dropped at either acidic or alkaline condition (Fig. 2) . It was noted that the average recoveries obtained at pH 7 were satisfactory for all compounds (ranging from 82.8 to 104.8%). Thus, the samples were adjusted to pH 7 for the later experiments. Effects of elution. To further improve the recoveries of the analytes, the elution process in the SPE procedure was optimized in terms of amount and components of eluant. Two kinds of organic solvent (hexane and mixture of hexane and DCM) were used as eluant. The recoveries obtained in different batches are listed in Table 5 .
Generally, it was observed that the recoveries were increased obviously when hexane amount was increased (Step 1 and 2) . However, increasing the elution volume of hexane could not achieve the suitable recoveries, especially for MK, because of the relatively weak polarity of hexane. Therefore, a mixed eluant with DCM, of which the polarity is stronger than hexane, was introduced to extract further. A significant improvement of recoveries (p < 0.05) was achieved when a 2-mL mixture eluant Fig. 2 The recoveries of the selected SMs and surrogate standard in 1 L spiked DI water based on different pH values. ENVI-18 SPE cartridges were used to extract analytes. Step 1 was subsequently applied (Step 3 in Table 5 ). Nevertheless, the increasing amount of mixture eluant did not benefit the final recoveries (Step 4 in Table 5 ). Furthermore, for some analytes (HHCB and MK), the recoveries showed a slight decline. Such results indicated that too much dichloromethane introduced might result in a loss of target analytes in the later processes such as extract concentration or hexane reconstitution. In view of the above, Step 3 was chosen in the elution process for the selected SMs.
In summary, a general optimized SPE procedure was developed for the simultaneous extraction of polycyclic musks and nitro musks in water samples. The ENVI-18 SPE cartridges could be applied to extract analytes in neutral samples. The elution process would be simplified as 5 mL hexane followed by 2 mL mixture (hexane and DCM).
Compared with previous works [24] [25] [26] [27] 29, 34 this method simplified the extraction and clean-up processes, all the sample preparations would take less than 3 h.
Recovery and method detection limit (MDL)
Recovery experiments were performed whithin one week under optimized experiment conditions to test the efficiency of SPE to extract SMs from water samples. Normally, the acceptable recovery criterion is between 80 and 120% for both target compounds and surrogate standard. 35 In this study, in addition to the spiked DI water samples, recovery experiment of SMs in well water samples (Fig. S1 ) collected from the Nanhui district, Shanghai, were also carried out simultaneously to verify the deviations caused by the matrix. The average recovery, RSD and MDL values are presented in Table 6 . No significant data difference (p > 0.05) was observed between DI water and well water in terms of recoveries or of RSD. This result indicates that the matrix effect on the developed method for SMs determination might be negligible, for one liter of water sample introduced into the optimized SPE procedure and SIM mode applied in GC/MS analysis.
Analysis of environmental water samples
To demonstrate the availability of the developed approach to extract and analyze the trace residues of SMs in aquatic system, we collected various water samples as mentioned previously. In the processes of extraction, the recoveries of surrogate standard were applied to indicate the validity of the method. The surrogate standard recoveries for all collected samples were acceptable (the average recoveries for groundwater, surface water, tap water, influent and effluent of WWTP were 106.8, 92.2, 96.9, 92.7 and 100.6%, respectively).
In this study, nitro musks were identified in local environmental water samples such as surface water, WWTP influent and effluent samples (Table 7) , although these compounds had been banned and replaced with polycyclic musks in some developed countries. 36 The concentrations of the two polycyclic musks (HHCB and AHTN) were generally higher than those of the two nitro musks (MX and MK). This result could be explained as the trend of increasing application of polycyclic musks and restriction of nitro musks.
Also, the relatively higher degradability of nitro musks might be another reason.
As to the groundwater, man-made chemicals are normally monitored as indicators to evaluate the pollution of groundwater. Recently, Ternes et al. 37 measured groundwater samples collected from six wells within an area of high irrigation intensity in Braunschweig, Germany. In their study, the HHCB and AHTN were not identified in the groundwater, although several pharmaceuticals were detected. It was noted that the limit of quantification for HHCB and AHTN was 25 ng L -1 in the report. 37 In this study, however, the trace level of HHCB and AHTN (< 25 ng L -1 ) were identified in groundwater using respectively; 500 ng fluoranthene-d10 was spiked into a 500-mL water sample as a surrogate standard and 2 µg pentachloronitrobenzene was spiked into a concentrated sample before GC/MS analysis.
the developed method. In addition, trace levels of HHCB and AHTN (7.8 and 5.6 ng L -1 , respectively) were found in the tap water, which suggested polycyclic musk pollution in local sources or transport systems of drinking water.
All musks were detected in the surface water collected from a lake in Shanghai Jiao Tong University. As to polycyclic musks, the results were similar with the lowest concentrations detected in Suzhou Creek (20 ng L -1 for HHCB and 8 ng L -1 for AHTN). 30 It was noted that the highest concentrations of all SMs were found in the samples of WWTP influent (Fig. 3) . This is reasonable as SMs are widely used in personal care products and can readily find their ways to enter a sewage system. In the USA and in most EU countries, the concentrations of HHCB and AHTN in the filtered influent from WWTP were reported as 790 -2800 and 210 -1200 ng L -1 , respectively. 38, 39 In this study, the corresponding concentrations were 1290 ng L -1 (HHCB) and 378 ng L -1 (AHTN), which are both within the ranges. The removal efficiencies of HHCB and AHTN by WWTP were 83.5 and 89.8% in this study, respectively. It should be noted that these results were calculated based on the soluble phase concentration. As the soluble and total concentrations can be substantially different, 38 further analysis was carried out to understand the fates and removal behaviors of HHCB and AHTN during the wastewater treatment processes (details will be reported in another paper).
Regarding the nitro musks, relatively high concentrations of them (80.4 ± 7.1 ng L -1 for MX and 72.1 ± 3.2 ng L -1 for MK) were found in the WWTP influent. Similarly, Zhang 30 reported that an average of 747 ng L -1 MK was measured in the influent samples collected from another local WWTP with a conventional activated sludge system. These results are consistent with the situation mentioned previously that nitro musks are still produced and applied in China.
Conclusion
The optimized SPE procedure coupled with SIM in GC/MS method developed in this study provides a rapid and efficient way to simultaneously detect trace levels of nitro musks and polycyclic musks in water samples. Under the optimized condition, the recoveries achieved were satisfactory; they ranged from 88.3 to 104.1% in spiked DI water and from 86.4 to 106.8% in groundwater samples, respectively. The MDL of seven replicated runs of 1 L spiked DI water were between 0.09 and 0.18 ng L -1 for the selected polycyclic musks and nitro musks. The developed method was then applied to analyze some real water samples including tap water, groundwater, surface water, influents and effluents of WWTP. The surrogate standard recoveries for all the matrix samples were acceptable, indicating that no significant matrix effects (p > 0.05) were observed using the proposed approach. Additionally, the findings revealed that polycyclic musks (HHCB and AHTN) are ubiquitous in the local aquatic matrices, as they were found in all water samples tested in this study. Moreover, nitro musks could be found in some water samples, such as surface water, influent and effluent of WWTP. This phenomenon is in agreement with the fact that nitro musks are still being produced and applied in China.
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